In adults, adenosine is a potent vasodilator of ce rebral vessels (Wahl and Kuschinsky, 1976; Edvins son and Fredholm, 1983; McBean et aI., 1988) and is considered to be an important mediator of the metabolic regulation ofCBF (Winn et aI., 1981a) . A strong relationship has been demonstrated between cerebral adenosine production and CBF increases in response to various stimuli, such as ischemia (Winn et aI., 1983a) , hypoglycemia, hypoxia (Winn et aI., 1983b) , hypotension (Winn et aI., 1980a) , and seizures (Winn et aI., 1980b) . Recently, numerous studies have shown that newborn piglets increase brain interstitial fluid adenosine concentration un der the conditions noted above (Park et al., 1987a (Park et al., ,b, 1988 , implying that the purine nucleoside might play a role in neonatal CBF regulation. How ever, it is not known whether the magnitude of the vasodilation is sufficiently large or generalized to produce a significant increase in CBF. Injections of creased by a mean of 110, 145,306, and 378% with 10 f,LM, 100 f,LM, 1 mM, and 10 mM concentrations, respectively. Except for the highest concentration, CBF response was dose dependent in each region of the brain with the fol lowing order of potency: brain stem > periventricular area > telencephalon, midbrain, total brain, and cerebellum. These data indicate that, in the newborn, adenosine is a potent vasodilator of cerebral vessels, If the newborn brain can synthesize appropriate concentrations of adenosine, this nucleoside may play a major role in re gional CBF regulation during the neonatal period. Key Words: Adenosine-Cerebral blood flow-Newborn pig let.
large doses of adenosine into the carotid artery have little or no effect on CBF of newborn piglets (Aranda et aI., 1989) because, as in other species, the nucleoside is rapidly metabolized by the endo thelium and cannot cross the blood-brain barrier (Pearson and Gordon, 1985) . We therefore set up a technique of ventriculocisternal perfusion (Pappen heimer et aI., 1961) to inject adenosine directly into the CSF of newborn piglets.
The aim of this study was to determine whether adenosine, injected into the CSF by ventriculocis ternal perfusion, could increase the CBF of new born piglets. Since the CSF is in direct communi cation and dynamic equilibrium with the interstitial fluids, we also determined whether adenosine had a comparable effect on different regions of the brain.
Finally, different concentrations of adenosine were used to establish dose-response curves.
MATERIALS AND METHODS

Surgical preparation
Experiments were done on 16 newborn Yorkshire pig lets aged 1-3 days (1-1.5 kg). Surgical procedures were performed under 2% halothane anesthesia, Two 3.5-French-Argyle catheters were inserted (a) in the left ven-tricle via the right subclavian artery for the injection of radiolabeled micro spheres and (b) in the abdominal aorta via the femoral artery for arterial and micros ph ere refer ence samples and for the determination of systemic blood pressure and heart rate. Polyethylene catheters (Intra medic) were placed in the left internal carotid artery for carotid pressure recording and the femoral and sagittal veins for venous and cerebral blood sampling, respec tively. The animals were then tracheostomized and ven tilated (Bourns) through an endotracheal tube (Portex 3.0 mm) with a gas mixture containing 70% nitrous oxide and 30% oxygen. After having verified the clinical effects of nitrous oxide anesthesia, the animals were kept paralyzed with intravenous injections of pancuronium (0.1 mg/kg) to control ventilation completely. Tidal volume (10 mllkg) and ventilatory rate (25-30 cycles/min) were adjusted to obtain normal Pao2 (75-95 mm Hg) and Paco2 (35-40 mm Hg). Throughout the experiment, the piglets were gently restrained in a prone position in a cloth sling and body temperature was maintained between 38 and 38.5°C under an infant radiant warmer. Previous studies demonstrated that neither nitrous oxide nor pancuronium paralysis al tered CBF in the newborn piglet (Laptook et aI., 1983) . The piglets were then allowed 1 h to recover from surgical procedures and halothane anesthesia.
Ventriculocistemal perfusion
A needle (no. 24), 13 mm long, was introduced into one lateral ventricle through the parietal bone. The most sat isfactory point of entrance into the brain was �2 mm caudal to the coronal suture and 4 mm lateral to the mid line. The cisterna magna was punctured with a needle (no. 24) by the following technique: The nape of the neck was properly stretched and the needle was introduced perpendicularly at a point just below the nuchal ridge until the appearance of CSF (Fig. 1) . Both needles were annealed to the skin with dental cement to prevent move ment.
The constituents of the perfusate were similar to the concentrations of electrolytes found in the normal piglet CSF and were as follows (mM): NaCI, 125; KCI, 3.0; CaCI2, 1.3; MgCI2, 0.8; NaHC03, 15; H2P0 4 , 0.5; urea, 2.2; glucose, 3. Adenosine was added to the artificial CSF to obtain different final concentrations of adenosine. The fluid was freshly prepared on the day of the experiment, equilibrated with 5% CO2/95% 02' resulting in a pH of 7.35, and warmed up to 37°C. The artificial CSF was then perfused into the lateral ventricle at a constant rate of 2 mllmin (Harvard constant-volume infusion pump). Out flow was collected through a tubing connected to the cis ternal needle. The end of the tubing was set at the exter nal auditory meatus and perfusion pressure was referred to this zero level. Outflow rate was continuously con trolled. Pressure in the ventricles, measured with a strain gauge manometer, never exceeded 10 cm H20 above the auditory meatus. To test the distribution of the mock CSF solution, methylene blue was added to the CSF perfusate for 10 min at a rate of 2 mllmin. Autopsy revealed intense bilateral staining of the ventricular system and the entire brain surface, sulci, and circle of Willis.
Experimental protocol
Each animal was studied four times, at 15-min inter vals: (1) before starting any ventriculocisternal perfusion (baseline no. 1); (b) after 10 min of perfusion with a given concentration of adenosine; (c) after 10 min without per fusion (baseline no. 2); and (d) after 10 min of a second adenosine perfusion. The concentrations of adenosine in the perfusate were randomly assigned among the follow
, or 10 mM (n = 6). A separate group of five piglets was studied four times during a 45-min period with continuous ventriculocisternal perfusion containing CSF alone (controls) to assess the stability of the preparation.
Measurement of CBF and hemodynamic parameters
Brain blood flow was measured by radio nuclide micro spheres (3M, Newbrighton). The microspheres (mean di ameter 15 J..L m) were labeled with 51Cr, 85Sr, 141Ce, and 46SC. A bolus of 3 x 105 microspheres of each label was injected into the left ventricle and the catheter was flushed with 2 ml of saline over a 30-s period. A reference sample was obtained from the aortic catheter, starting 10 s before the microspheres were injected, and continued for a total of 70 s at a rate of 2.0 mllmin using a Harvard infusion pump.
Heart rate and carotid and systemic arterial blood pres sure were recorded before, during, and immediately fol lowing each microsphere injection, using a Statham pres sure transducer and a Grass 7 polygraph recorder. After each injection, blood was obtained from the sagittal vein and the femoral artery for blood gas (ABL30; Radiome ter, Copenhagen) and hematocrit determination. No glu cose or fluid administration was necessary since glucose levels remained normal and stable throughout the study. Blood obtained (4.5 ml) was immediately replaced with heparinized whole blood from a donor piglet.
After the last injection, each animal was killed by an overdose of pentobarbital. The location of each catheter was verified at autopsy and the brain was removed, cut into sections, weighed, and counted along with the refer ence sample blood in a gamma counter (Beckman Bio gamma Il). The piglet brain was dissected into 17 differ ent regions, including the following: brainstem structures (pons and medulla), cerebellum, midbrain structures (thalamus, hypothalamus, caudate nuclei), periventricu lar areas, and telencephalic structures (the gray and deep white matter of the olfactory, frontal, parietotemporal, and occipital lobes). Energy of each nuclide was sepa rated by differential spectroscopy, subtracting the per centage interference between nuclides. All tissue samples contained >400 microspheres, and all reference organ samples contained >2,000 microspheres. Cardiac output (CO) and organ blood flow were calculated as follows (Heymann et ai., 1977) :
organ blood flow (mllmin/100 g) = R withdrawal rate x cprn!l00 g of tissue cpm in R where R is the reference blood sample.
No disproportionate distribution of CBF between cere bral hemispheres was found.
Cerebral vascular resistance (mean carotid pressure/ CBF) and CMR02 [CBF x (arterial -sagittal O2 content)] were also calculated.
CSF adenosine concentration
Samples of CSF (0.3 ml) were taken from the cisternal puncture before (baseline value) and 10 min after the be ginning of the ventricular perfusion (to assess the actual concentration of adenosine perfused). CSF was collected directly into an ice-cold syringe containing a 0.3-ml solu tion with 20 J.LM dipyridamole (adenosine transport inhib itor), 100 J.LM erythro-9-(2-hydroxy-3-nonyl)adenine hy drochloride (adenosine deaminase inhibitor), and 6 J.LM indomethacin. All chemicals were purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.) and freshly dis solved in 0.9% NaCI before use. After centrifugation, samples were immediately frozen at -70°C until final analysis. Concentration of adenosine was then deter mined by HPLC (Hartwick and Brown, 1976) .
Statistical analysis
Each variable obtained during a given adenosine per fusion was compared with the corresponding baseline value by paired Student t test. One-way analysis of vari ance was done to compare the same variable among the different groups of adenosine concentration, followed by tests of significance (Sokal and Rohlf, 1981) . A probabil ity of <0.05 was assumed to denote significant differ ences. All the values in the tables are expressed as means ± 1 SD. Arterial and sagittal blood gases (Table 1) , mean arterial and carotid pressure, heart rate, and cardiac output ( Table 2 ) remained stable during the entire duration of the experiment in all animals receiving either no adenosine or any of the adenosine concen trations in the CSF perfusate.
RESULTS
Mean
Total and regional CBF were not affected by the perfusion of CSF alone either after 10 min (Table 3) or after 45 min (data not shown). The perfusion con taining 0.1 flM adenosine tended to decrease total Values are expressed as the mean ± SD of each group of adenosine concentration (0, n = 5; 0. 1 fLM, 10 /-LM, 100 /-LM, I mM, n = 4; 10 mM, n = 6). All values are expressed as the mean ± SD of each group of adenosine concentration (0, n = 5; 0. 1 fLM, 10 fLM, 100 fLM, 1 mM, n = 4; 10 mM, n = 6) and are compared with values obtained at baseline.
and regional blood flows and increased significantly the cerebral vascular resistance (p < 0.05). All the other concentrations of adenosine tested increased total and regional CBF, and these increases were statistically significant for 100 fJ-M and above (p < 0. 05). Concurrent cerebral vasodilation was as sessed by the decrease in cerebral vascular resis tance (p < 0.05; Table 4 ). CMR02 was not altered by any of the perfusions (Table 4 ). Values are expressed as the mean ± SD of each group of adenosine concentration (0, n = 5; 0. 1 fLM, 10 fLM, 100 fLM, 1 mM, n = 4; 10 mM, n = 6) and compared with values obtained before the perfusion (baseline), G p < 0, 05 vs. baseline. b p < 0. 05 vs. 0, 0.1, and 10 fLM adenosine. Adenosine has been demonstrated to be a potent dilator of cerebral vessels in vitro (Edvinsson and Fredholm, 1983; McBean et al., 1988) or when ap plied topically on pial vessels (Berne et al., 1974; Wahl and Kuschinsky, 1976) or cerebral cortex (Winn et al., 1981 b) . Since adenosine poorly crosses the blood-brain barrier, intracarotid injec- tions of the nucleoside have led to contradictory results, depending on the dose injected and the spe cies studied: no effect on CBF in cats and dogs (Berne et al., 1974; Boarini et al., 1984) , transient increase in total CBF in baboons (Forrester et al., 1979) , and selective increase of caudate blood flow in rabbits (Puiroud et al., 1987) . Moreover, Sollevi et al. (1987) The results of our study demonstrate that the re sponse of cerebral vessels to adenosine is already present in the neonatal period. In newborn piglets, brain interstitial adenosine concentrations appear to be also in the micromolar range and increase by two-to fourfold during hypoxia (Park et aI., 1987a) , seizures (Park et aI., 1987 b) , and hypotension (Park et aI., 1988) . In such circumstances, the perivascu lar concentration of adenosine might be even higher than in the interstitial fluid (Kreutzberg et aI., 1978) and be close to 10 J.1M. From our study, this con centration increases total CBF by 66% and brain stem blood flow by 110%. Consequently, adenosine may play a key role in the regulation of CBF during the neonatal period.
Since we did not observe any significant change in CMR02 during the experiment, the vasodilative action of adenosine appears to be independent of the cerebral metabolism. Moreover, adenosine, if anything, should tend to decrease oxygen consump tion because it depresses spontaneous and evoked potentials in central neurons (Fredholm and Hedqvist, 1980) and inhibits the release of numer ous neurotransmitters (Harms et aI., 1979) . Although CSF alone did not alter CBF, 0. 1 J.1M
adenosine increased the cerebral vascular resis tance. This effect on CBF may be relative since it was compared with baseline values that were slightly (but not significantly) higher than in the other groups of adenosine concentrations. These differences in baseline CBF and cerebral vascular resistance despite random assignment of adenosine concentrations are not explained by differences in acid-base or hemodynamic parameters. However, the vasoconstrictive effect of low concentrations of adenosine has been described by others (Livemore and Mitchell, 1983; McBean et aI., 1988) . It was shown that this vasoconstriction was not inhibited by a-and [3-adrenergic blockers or barbiturate, sug gesting a direct action on blood vessels.
A concern in this experiment is the nonhomoge neous distribution of adenosine in all brain, leading to more prominent CBF response in the regions that are in direct contact with the CSF. However, 10 and 100 J.1M adenosine increased more blood flow in the telencephalon than in the midbrain and the cerebel lum, which were surrounded by CSF, and the vas cular response of the peri ventricular area (in the immediate vicinity of the perfusion) was less in tense than in the brainstem. Therefore, we do be lieve that the vascular response to adenosine is not the same in all the brain regions. These results might reflect regional variability in the number of adenosine receptors. During the neonatal period, the increase in blood flow secondary to hypoxia is most marked in brains tern structures and least in cerebral white matter (Ashwal et aI., 1980) . The mechanisms for the heterogeneity in neonatal CBF regulation are not yet elucidated, although recent data suggest that an endogenous opioid-mediated system is operative (Lou et aI., 1985) . Our data sup port the concept that adenosine is involved in the regional regulation of neonatal CBF.
